The zebrafish is a premier model organism yet lacks a system for assigning postembryonic fish to developmental stages. To provide such a staging series, we describe postembryonic changes in several traits that are visible under brightfield illumination or through vital staining and epiflourescent illumination. These include the swim bladder, median and pelvic fins, pigment pattern, scale formation, larval fin fold, and skeleton. We further identify milestones for placing postembryonic fish into discrete stages. We relate these milestones to changes in size and age and show that size is a better indicator of developmental progress than is age. We also examine how relationships between size and developmental progress vary with temperature and density, and we document the effects of histological processing on size. To facilitate postembryonic staging, we provide images of reference individuals that have attained specific developmental milestones and are of defined sizes. Finally, we provide guidelines for reporting stages that provide information on both discrete and continuous changes in growth and development. Developmental Dynamics 238:2975-3015,
INTRODUCTION
An essential tool for any model organism is a normal table of development for assigning individuals to particular stages of the life cycle (Hopwood, 2007) . Only with such a staging series can experiments be repeated and results compared across laboratories. Over the past 30 years, the zebrafish Danio rerio has become an important vertebrate for a variety of studies, encompassing genetics, development, physiology, behavior, and evolution. An excellent normal table of zebrafish development is available for embryonic stages (Kimmel et al., 1995) , which greatly elaborated on an earlier series (Hisaoka and Battle, 1958) . Nevertheless, an adequate staging series for postembryonic development is still lacking.
A postembryonic staging system is needed because changes occur in a variety of traits during this period in zebrafish and in other organisms. In the zebrafish for example, postembryonic development entails the appearance of median adult fins and pelvic fins, increasing stratification and complexity of skin, continued skeletal development, loss of the larval fin fold, and marked changes in the gut, kidneys, and gonads, as well as the peripheral and central nervous systems. There have been some descriptions of such changes, either for the whole organism (Schilling, 2002) , or focusing on particular traits (Kirschbaum, 1975; Milos and Dingle, 1978; Cubbage and Mabee, 1996; Schilling and Kimmel, 1997; Iovine and Johnson, 2000; Ledent, 2002; Sapede et al., 2002; Bird and Mabee, 2003; Parichy and Turner, 2003; Webb and Shirey, 2003; Sire and Akimenko, 2004; Elizondo et al., 2005; Goldsmith et al., 2006; Robertson et al., 2007; Harris et al., 2008; Patterson et al., 2008) .
Here, we analyze zebrafish postembryonic development with the goal of providing a generally useful system for assigning fish to stages after embryogenesis. We relate changes in several traits to size and age, and we show that size is a more useful indicator of developmental progress than is age. We further identify several developmental milestones, and we examine how the sizes at which such milestones are achieved varies with temperature and density. We also provide images of reference individuals. Finally, we suggest conventions for reporting stages of postembryonic zebrafish that account for both qualitative and quantitative changes in size and developmental state. Our goal in this study is not to provide extensive details on internal anatomical changes, but to provide a means to easily and rapidly assign stages to individual larvae. The staging systems we propose should facilitate detailed anatomical and developmental analyses of this important but still neglected period of development.
LIFE HISTORY STAGE DEFINITIONS
There have long been debates over how to define the broad life history stages of teleosts (Balon, 1999; Hensel, 1999; Kovac and Copp, 1999; Webb, 1999a; Urho, 2002; Snyder et al., 2004) . In the context of this study, we use the following definitions and considerations: Embryo Classically, offspring are considered embryos until they hatch or are born. While hatching has profound ecological and behavioral consequences, it nevertheless occurs over a wide range of times (e.g., 48-72 hours postfertilization [hpf] ) and developmental morphologies in zebrafish and many other organisms. Thus, we follow Kimmel et al. (1995) in defining an arbitrary end to the embryonic period, specifically by the attainment of the protruding mouth stage ($72 hpf at 28.5 C).
Larva
An individual that is no longer an embryo but has yet to become a juvenile.
Juvenile
The state at which most adult characteristics have been acquired in the absence of sexual maturity. Here defined by the attainment of a complete pattern of scales (squamation) and complete loss of the larval fin fold.
Adult
Defined by the production of viable gametes and the appearance of secondary sexual characteristics in fish that are in breeding condition.
Metamorphosis
Most fishes are considered to undergo a metamorphosis in which a larval morphology is transformed into that of a juvenile or adult (Webb, 1999b; Power et al., 2008) . Metamorphosis includes the loss of some larval features (e.g., fin fold), remodeling of others (e.g., gut, nervous system), and the acquisition of new adult features (e.g., scales), and these processes can be under hormonal control, as in amphibians (Brown and Cai, 2007) . While zebrafish undergo a period of metamorphic remodeling, in the absence of experimental data to reveal the onset and cessation of such changes, we do not here define this period explicitly. We do, however, refer to metamorphosis of the pigment pattern (Parichy and Turner, 2003; Kelsh and Parichy, 2008) .
Postembryonic Development
Broadly, this can be defined as any period after embryogenesis; includes extensive growth, as well as patterning and morphogenesis during the development and maintenance of the adult form. Many such changes in zebrafish postembryonic development are likely to be identical or homologous to later organogenesis, as well as fetal and neonatal development of mammals.
QUALITATIVE AND QUANTITATIVE ANATOMICAL TRAITS
To evaluate developmental progress of postembryonic zebrafish requires identifying traits that undergo sufficient changes during this period as to be potentially diagnostic for the attainment of defined development states. Zebrafish larvae have a variety of such traits that are visible at relatively low magnification under a stereomicroscope with brightfield transmitted or incident illumination. These include qualitative characteristics (e.g., caudal fin shape), as well as continuous and meristic quantitative traits (e.g., body height and fin ray counts, respectively). Table 1 and Figure 1 provide criteria for evaluating or measuring such traits. In addition to traits visible in brightfield, fluorescent vital dyes make it possible to assess development for some other traits, including the skeleton and the lateral line sensory system. For example, calcein reveals skeletal ossification (Du et al., 2001) , which occurs largely during postembryonic development (Fig. 2; Cubbage and Mabee, 1996; Bird and Mabee, 2003; Elizondo et al., 2005) . Features revealed by vital stains thus complement features visible with brightfield illumination.
DEVELOPMENT RATE
Time since fertilization is a convenient surrogate for developmental stages of embryos reared at standard temperature and in standard media, although even under these conditions individuals exhibit developmental variability and named stages based on distinct morphological criteria are to be preferred (Kimmel et al., 1995) . As development proceeds in posthatching, free-feeding larvae, genetic and environmental factors and their interactions contribute increasingly to growth and development rate variation. For example, Figure 3 shows extensive variation in growth rates of larvae reared individually. These observations suggest that days postfertilization (dpf) is not adequate for staging.
In zebrafish and other fishes, standard length (SL; defined in Table 1 and Fig. 1 ) is used sometimes as a proxy for developmental stage (Cubbage and Mabee, 1996; Fuiman et al., 1998; Bird and Mabee, 2003; Campinho et al., 2004) . To compare the utility of SL and dpf as indicators of developmental progress, we fitted models relating each to several traits of the larvae shown in Figure 3 . Comparing coefficients of determination (R 2 ) across 13 traits (Table 2) showed that dpf explains significantly less developmental variance than SL (paired Wilcoxon sign-rank test: P < 0.0005; median R 2 : dpf ¼ 0.73, SL ¼ 0.94). These findings suggest that SL is to be preferred over dpf as an indicator of developmental progress in zebrafish.
MEASUREMENTS OF LARVAL SIZE
Different measures of size are typically highly correlated, although allometric changes during development can modify these relationships. We examined how SL scales with other size measures (Table 1 ; Fig. 1 ). Among these, snout-vent length and snout-operculum length are parallel to SL. Because it can be useful to describe larval size along the dorsalventral axis, we also examined correlations with height at nape and height at the anterior margin of the anal fin (HAA). Figure 4 shows that all measures of size are highly correlated with SL (and with one another), despite moderate departures from linearity at some size ranges (e.g., HAA).
A generally useful measure of size should be robust to measurement error, and this requires landmarks to be easily identified, and measurements themselves to be large enough to perform at typical magnifications. Considering these issues together, we recommend SL for anterior-posterior measurements and HAA (when HAA > 0.5 mm) for dorsal-ventral measurements. The regressions provided in Table 3 relate SL and HAA to other quantitative measures of size.
DEVELOPMENT OF SELECTED TRAITS
In addition to larval size, several other traits also suggest themselves as indicators of developmental progress. Here, we briefly review postembryonic changes in several of these. As statistical analyses indicate high correlations between SL and developmental progress (Table 2) , we refer to changes below relative to SL, as typically observed. Image panels in figures below provide SL for the individuals shown. These values are provided for ease of reference and, because of individual variability, should not be interpreted as either precise stages or as population mean SLs, which are provided after this section.
Head Shape
Whereas the embryonic head is somewhat square with a ventrally located mouth, during early postembryonic development the mouth moves increasing dorsal and anterior (Fig. 5; 4.8 mm SL) . Meanwhile, the head becomes more triangular with a protruding anterior. Changes in mouth position have been described previously during the hatching period (Schilling and Kimmel, 1997) . Head dimensions subsequently grow relatively linearly to one another as measured by depth at nape, snout-operculum distance, and eye diameter (data not shown). Notably, prolonged anesthesia can produce swellings over the otherwise smooth dorsal surface of the head.
Developmental Dynamics
Progressive ossification of cranial skeletal elements is shown in Figure  6 . To quantify this progress, we identified bones or complexes of bones that are readily seen and scored in either lateral view or ventral view. Quantitative analyses of such developmental units indicated relatively ordered developmental progressions (Fig. 7) , with the onset of laterally visible changes occurring as early as $4.6 mm SL (dorso-orbital complex and hyomandibula) and as late as $6.0 mm SL (supraoccipital). From ventrally, we observed clear transitions at $4.8 mm SL (hypohyals ventral) and at $5.3 mm SL (basihyal) and additional changes are observable into later development (e.g., notochord extension complex and length of the urohyal). . Size measurements are highly correlated. Shown are relationships for several easily measured characters relative to standard length (SL) for larvae examined repeatedly through development. Relationships for snout-operculum length vs. SL, and eye diameter vs. SL, are slightly curvilinear, whereas the relationship of height at anterior of anal fin (HAA) vs. SL is curvilinear at small sizes (probably owing to the failure of small larvae to lay flat), but is reasonably linear at larger sizes. Larvae used for size measurements are the same individuals for which growth trajectories are shown in Figure 3 .
Notochord Flexion
During the early larval period, the posterior notochord bends dorsally in a process termed flexion, which is easily seen with transmitted light (Figs. 8, 9 ). This process begins at $4.5 mm SL and is completed by $6.5 mm SL, with a final flexion angle of $45 .
Swim Bladder
Several changes in the swim bladder (or ''gas bladder'') are visible during embryonic and postembryonic development (Figs. 9, 10; Robertson et al., 2007) . Swim bladder inflation and ''float-up'' occur by $3.7 mm SL, shortly after hatching. At this time, a single, posterior swim bladder lobe is 
Median Fins
The caudal fin is first to develop. A condensation of mesenchyme is evident ventral to the posteriormost region of the notochord shortly after flexion initiates; the first fin rays (lepidotrichia) appear shortly thereafter, typically by $4.9 mm SL (Figs. 11, 12) . Once the first fin ray segments have formed, there is a relatively linear increase in segment number for the longest of the fin rays (Fig. 12) . During the early period after rays appear, the fin is slightly longer dorsally than ventrally (Fig. 11 , 5.6 mm SL, 5.9 mm SL). Gradually, the dorsal and ventral regions become similar in length (Fig. 11, 6 .0 mm SL) and dorsal and ventral lobes begin to emerge (Fig. 11, 6 .4 mm SL; Fig. 13 ). Rays within these lobes have more segments than rays within the intervening cleft (Goldsmith et al., 2006) . Caudal fin ray development also is revealed by calcein staining, and the greater internal resolution allows distinguishing between fin rays ventral and dorsal to the notochord axis (Figs. 14, 15) . We term these rays subnotochordal and supranotochordal, respectively. Whereas subnotochordal rays begin to develop $4.9 mm SL, supranotochordal rays appear considerably later, >6.0 mm SL. Calcein staining also shows progressive ossification for bones at the base of the fin (''hypural complex''), between 5.2 and 6.5 mm SL.
The anal fin is the second to develop. Condensed mesenchyme is apparent within the fin fold (see below) posterior to the anus (Fig. 16 , 5.4 mm SL). This mesenchyme will Fig. 7 . Ossification progress by standard length (SL). Shown are scores for defined lateral and ventral units of the craniofacial skeleton revealed by calcein staining. All scores are jittered vertically for clarity, except for length of the proximal branchiostegal ray (bottom). Each point represents the value for an individual fish of the indicated SL. Scoring was based on the following criteria, with 0 always indicating an absence of staining; the onset of calcein staining for individual bones is indicated by ''þ'' in the following, when more qualitative descriptions are not given: dorso-orbital complex, 1 ¼ lateral ethmoidþ, 2 ¼ pterosphenoidþ, 3 ¼ supraorbitalþ; notochord extension complex, 1 ¼ basioccipitalþ, 2 ¼ prooticþ, 3 ¼ sphenoticþ (begins to extend medial-dorsally into a single rounded end), 4 ¼ sphenoticþþ (staining widens into two rounded ends); hyomandibula, 1 ¼ staining in narrow ring, 2 ¼ expansion of staining into dorsal process of bone, 3 ¼ expansion of staining into ventral process and widening of dorsal process; supraoccipital, 1 ¼ first appearance, 2 ¼ posterior elongation and lateral curvature; basihyal, 1 ¼ first appearance; ventral hypohyals, 1 ¼ first bone ossified, 2 ¼ second bone ossified; branchiostegal ray complex, scores indicate number of bones stained (paired branchiostegal rays plus paired subopercles; while generally there are only three pairs of branchiostegal rays, some individuals exhibit four pairs; Cubbage and Mabee 1996); urohyal, anterior-posterior length of stained region, with no staining ¼ 0. generate the radial bones at the fin base. Lepidotrichia become apparent at $6.3 mm SL, with bones of several rays appearing simultaneously. All rays develop by $8.5 mm SL and ray segment addition proceeds relatively linearly through $11.0 mm SL (Figs. 12, 17) . Calcein staining more clearly reveals radial ossification, which begins typically $7.0 mm SL (after the first caudal ray segments have already ossified; Figs. 15, 18). The dorsal fin develops slightly later than the anal fin, first evident by condensed mesenchyme visible within the dorsal fin fold (Fig. 16 , 5.7 mm SL). Lepidotrichia appear at $6.5 mm SL (Fig. 12 ), although individuals vary in the precise timing of ossification (e.g., Fig. 16 , 6.7 mm SL). As for the other fins, ray segment addition proceeds relatively linearly (Figs. 12, 17) . Calcein staining reveals fin ray segment ossification as early as 5.8 mm SL, and the onset of radial ossification considerably later, at $7.2 mm SL (Figs. 15, 19) .
Vertebral Ossification and Pleural Ribs
Calcein staining reveals an anteriorto-posterior sequence of vertebral ossification (Fig. 14) . The number of terminal (posterior) centra that have ossified provides an additional measure of developmental progress between 4.5 and 6.5 mm SL (Figs. 14, 20) . Likewise, development of the pleural ribs occurs anteriorly to posteriorly beginning $5.8 mm SL (Figs. 20, 21) .
Pelvic Fins
The paired pelvic fins buds are apparent as rounded protuberances from the ventrolateral body wall, ventral to the posteriormost region of the posterior swim bladder lobe (Fig. 22, 7 .5 mm SL). After the out-growing bud has become longer than it is wide, the first rays become apparent in the proximal region (Fig. 22, 8 .8 mm SL). Maximum fin ray number is achieved Fig. 9 . Relationships between standard length (SL) and notochord angle of flexion, swim bladder characteristics, and pelvic fin bud appearance in larvae examined repeatedly through development. Shown above is approximate height at anterior of anal fin (HAA) relative to SL as predicted in Figure 4 and Table 3 . The meristic traits, swim bladder lobes and pelvic fin buds, are jittered for clarity of presentation. Relationships between fin characteristics and standard length in larvae examined repeatedly through development. Above, number of fin rays observed in each of the indicated fins. Below, number of fin ray segments in the longest ray within each fin. All values are meristic and jittered for clarity. Pectoral fins were not scored. . An initially rounded fin gradually develops a middle cleft with longer lobes dorsally and ventrally. Emergence of the fin pigment pattern proceeds from an initially uniform field of melanophores, to the development of interspersed xanthophores, and subsequent segregation into the definitive adult stripes (see text for details). Arrow in 10.1: transiently disjunct melanophore stripes on body and fin. 1V, adult ventral primary melanophore on body. M1, first arising caudal fin melanophore stripe; M2d, M2v, second arising dorsal and ventral caudal fin melanophore stripes; X1d, X1v, first arising caudal fin xanthophore interstripes. Images shown are at decreasing magnifications. Scale bars ¼ 6.1 and 34.8, 0.5 mm.
by 10-12 mm SL (Figs. 12, 20) . Note that much of pectoral fin development occurs during embryogenesis and is described by Kimmel et al. (1995) ; we do not include data on these fins through postembryonic development because of their reduced diagnostic value as well as the greater difficulty of examining these fins as compared with pectoral and median fins at these stages. and the ventral procurrent rays that are supported by hspu2, hspu3, and phy]. Terminal centra counts (shown in Fig. 20 ) are best performed posterior-to-anterior with hspu2 and hspu3 serving as landmarks for their corresponding centra; staining for these hemal spines occurs before staining of centra. At earlier stages, the terminal somite boundaries can be used to identify segments corresponding to pu2 and pu3. 
Median Fin Fold
The median fin fold is easily seen with transmitted light (Fig. 23) , although it is susceptible to damage during handling. We define two fin fold regions. The major lobe arises dorsally at the anteroposterior level of the yolk extension and ventrally at the posterior margin of the vent; it extends out from the posterior trunk and postanal tail, and surrounds the posterior tail tip. The minor lobe lies ventrally between the yolk sac and anterior of the vent, and extends out from beneath the yolk extension. Both major and minor lobes are present at $3.2 mm SL and before hatching, with a slight constriction in the major lobe just anterior to the tail tip. Both lobes then expand away from the body, with the minor lobe becoming increasingly rounded (Fig. 23, 4 .2 mm SL). The major lobe bulges further out from the body at the mesenchymal condensation where dorsal fin development initiates (Fig. 23, 5 .6 mm SL). Shortly thereafter, the major lobe begins to be resorbed; an early indication being a notch immediately posterior to the dorsal fin (Fig. 23, 6 .4 mm SL). Major lobe resorption progresses from anterior to posterior, occurring relatively simultaneously both anterior to the dorsal fin, and posterior to the dorsal fin and the anal fin. Remnants of the major lobe cover approximately the posterior two-thirds of the tail by $7.4 mm SL and only approximately one-third of the tail by $8.3 mm SL.
Resorption of the minor lobe is not evident until pelvic fin rays appear, and is noted first as an indentation at the level of the pelvic fin, followed by resorption anteriorly and then posteriorly (Fig. 22) . The minor lobe is almost lost by $10 mm SL, shortly before pelvic fin rays develop second segments; only at the anterior margin of the vent does a small fold of epidermis persist.
Squamation
Development of scales begins posteriorly over the lateral surfaces of the tail at $8.1 mm SL and proceeds from this location toward the anterior (Sire et al., 1997; Sire and Akimenko, 2004) . Scales are visible as subtle ridges in the tail skin when viewed with transmitted illumination (Fig.  24, 9 .6 mm SL), but subsequently become more distinctive (Fig. 24, 9 .9 mm SL). Simultaneously, subtle condensations of mesenchyme are observable over the dorsum anterior to the anal fin, followed shortly thereafter by overt scale formation (Fig.  24, 12 .0 mm SL).
Pigment Pattern: Body
The pattern of embryonic/early larval melanophores consists of stripes along the dorsal and ventral edges of the myotomes, at the horizontal myoseptum, and lining the dorsal and ventral surfaces of the yolk sac (Kelsh et al., 2009 ). Transformation to the adult melanophore pattern begins at $6 mm SL with the appearance of a few metamorphic melanophores over the dorsal and ventral myotomes (Fig. 25 ) (Johnson et al., 1995; Parichy and Turner, 2003) . The number of dispersed metamorphic melanophores increases through $9 mm SL when the first two primary stripes (1D, 1V) of the adult begin to be discernible, arising at an angle $5 offset from the horizontal myoseptum. These stripes become more distinct as dispersed melanophores migrate to them, and additional melanophores differentiate within them. Embryonic/early larval melanophores along the horizontal myoseptum are lost or migrate to join the primary stripes. As the primary stripes become more distinct, the first interstripe region becomes increasingly distinct as well. By $12 mm SL, the primary stripes are complete. The first secondary stripe (2V) has been added ventrally by $14 mm SL, and another secondary stripe (2D) arises dorsally by $16 mm SL (Fig. 26) . Additional secondary stripes are added as the fish continues to grow.
The dorsum of the larva becomes covered with metamorphic melanophores as well. These are dispersed but organize as scales develop (Fig. 26, 10.7 mm SL) . Scales exhibit single rows of melanophores at their distal edges initially (Fig. 26, 15 .4 mm SL), with additional rows arising during later development.
Iridescent iridophores also contribute to the adult body pigment pattern. In the embryonic/early larval pigment pattern, iridophores occur within the melanophore stripes and covering the swim bladder (Kimmel et al., 1995; Kelsh et al., 2009) . Additional metamorphic iridophores develop over the ventral half of myotomes near the swim bladder (Fig. 27A, 5 .0 mm SL), marking the first interstripe. Subsequently, these cells are found further anteriorly and posteriorly and a second patch of iridophores arises (Fig.  27C , 5.7 mm SL) at the posterior tail, above the site of notochord flexion. Thereafter, a faint but continuous line of iridophores extends from just posterior to the head to the base of the caudal fin, and becomes progressively more distinctive (Fig. 27B) .
Yellow xanthophores are best observed on a white background with incident illumination. They are found initially in association with iridophores and become widely distributed between melanophore stripes (Maderspacher and Nusslein-Volhard, 2003; Quigley et al., 2005) . Owing to the difficulty of visualizing xanthophores, we do not describe their development in detail here.
Pigment Pattern: Fins
The pigment pattern of the caudal fin forms concomitant with fin outgrowth. A gap in the embryonic/early larval melanophore stripe along the ventral myotomes is evident where the caudal fin condensation of mesenchyme will appear (Fig. 11, 3 .5 mm at lower left of each panel). Arrowheads: 6.1, first melanophores in dorsal and anal fins; 6.5, xanthophore appearance in anal fin; 16.0, intermingled melanophores and xanthophores persist distally in anal fin. M1, M2, first and second anal fin melanophore stripes; X1, first anal fin xanthophore interstripe. Images shown are at decreasing magnifications. Scale bars ¼ 6.1, 250 lm; 16.0, 500 lm. SL). As this condensation becomes more pronounced, a few melanophores occur over this region (Fig. 11,  4 .5 mm SL) and, subsequently, additional melanophores cover the developing fin rays (Fig. 11, 5 .6 mm SL). Faint xanthophores are seen shortly after melanophores with the two cell types initially interspersed (Fig. 13,  6 .2 mm SL). Gradually xanthophores become more distinctive near the base of the dorsal and ventral lobes and melanophores are increasingly absent from these regions. At the base of the fin, melanophores become concentrated next to the posteriormost region of body stripe 1V, and this zone will develop the first caudal fin melanophore stripe (M1), flanked by the first caudal fin xanthophore interstripe regions (X1d, X1v). Additional melanophore stripes develop adjacent to body stripes 1D and 2V with intervening xanthophore stripes, and iridophores appear within the xanthophore stripes. M1 becomes transiently offset from 1V (e.g., Fig. 13, 10 .1 mm SL), although body and fin stripes later appear relatively continuous.
During anal fin development, a few melanophores are often observed over the early mesenchymal condensation (Fig. 16, 5 .4 mm SL) and additional melanophores appear as the fin rays develop (Fig. 16, 6 .7 mm SL; Fig. 17) . With fin outgrowth, melanophores are present initially in the distal region. Xanthophores first arise in the posterior region of the fin and subsequently are found more widely and intermingled with melanophores. Gradually, a melanophore stripe (M1) near the base of the fin becomes distinctive, as well as a xanthophore stripe more distally (X1). As the fin grows additional stripes form, with interspersed melanophores and xanthophores persisting at the distal tip.
The dorsal fin exhibits melanophores as the first rays develop (Figs. 16, 17) . Xanthophores appear shortly thereafter. In contrast to the caudal and anal fins, melanophores and xanthophores remain largely intermingled and stripes do not form.
Lateral Line Sensory System
The lateral line sensory system undergoes several changes during postembryonic development (Ledent, 2002) . This includes addition of new neuromasts and migration of existing neuromasts both to elaborate existing lateral lines and to form additional lateral lines (Fig. 28) . During juvenile and 
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adult development, clusters of neuromasts arise to form stitches.
DEVELOPMENTAL MILE-STONES RELATED TO SIZE
The preceding review of several traits suggests milestones for indicating developmental progress. To relate these milestones to size, we used two complementary approaches.
First, we used larvae reared individually and imaged throughout development to determine, retrospectively, the average size of individuals immediately before and immediately after the milestone in question: we determined SL and HAA the day before the developmental transition, and then also on the first day after the transition was observed. These ''longitudinal'' measurements, therefore, bracket the sizes at which developmental milestones occurred.
Second, we imaged individuals from groups of fish reared at a range of densities and food availabilities and determined both size and whether or not specific milestones had been reached. To determine when milestones occurred, we treated each developmental transition as an ordinal variable in multiple logistic regression analyses. We used the resulting regression coefficients to estimate the sizes at which 50% of individuals were either ''above'' or ''below'' the milestone in question. These ''cross-sectional'' measurements, therefore, provide estimates of the sizes at which milestones occurred in groups of fish under a range of conditions.
Major developmental milestones are presented in Table 4 , which provides sizes in SL as well as HAA (for values of HAA > 0.5 mm, where this measure is linear; Fig. 4 ). Example images of fish that have recently achieved these milestones are provided below (see section: REFER-ENCE INDIVIDUALS). Milestones are based on traits that are readily discernible in living fish under brightfield or transmitted illumination. Size estimates for developmental transitions are in close agreement between longitudinal and cross-sectional datasets.
The milestones in Table 4 span a wide range of development. The first milestone, inflation of the posterior 4.2, a constriction is evident at the posterior tail (arrowhead); 5.6, a bulge is evident in the dorsal fin fold above the dorsal fin mesenchymal condensation (arrowhead); 6.4, a notch posterior to the dorsal fin indicates early fin fold resorption (arrowhead) and a bulge is evident over the developing supranotochordal fin rays (arrow); 6.8, resorption continues both anterior and posterior to the dorsal fin (arrowheads); 7.7, resorption occurs in an increasingly posterior zone along the tail (arrowheads); 8.3, early resorption of the minor lobe is revealed by flattening of its ventral posterior margin (arrowhead; also see Fig. 22 ).
swim bladder (pSB), occurs shortly after hatching and results in ''float-up.'' The last milestone, completion of squamation, is used here to define onset of the juvenile period. These milestones represent a starting point for staging of postembryonic zebrafish (below).
A limitation to these milestones is their uneven distribution across sizes, suggesting they may not provide sufficient indication of developmental progress for some studies. For example, we were able to identify four readily discernible transitions between 5-6 mm SL, although some of these occur so close to simultaneously that they may not offer additional resolution and in some individuals reversals of order can be observed (e.g., aSB vs. MMA). We also identified two milestones each between 4 and 5 mm SL and 6 and 7 mm SL, but only one each for other 1-mm intervals of SL. Further analyses will be needed to reveal discrete, externally visible transitions that occur within these latter size ranges, if they exist.
The major milestone following the juvenile period is attainment of sexual maturity, at which point fish can be considered adults. Sexual maturity is marked by the production of viable gametes as well as secondary sexual characteristics in fish that are in breeding condition, including a ventral yellowish tinge in males and a distended abdomen in gravid females. For males, these characteristics were apparent as early as 17.5 AE 0.6 mm SL, 3.64 AE 0.21 mm HAA; and for females: 18.3 AE 0.7 mm SL, 3.95 AE 0.12 mm HAA (means AE 95% confidence intervals).
GROWTH AND ENVIRONMENTAL EFFECTS
The paucity of discrete staging criteria during postembryonic development as compared with embryogenesis has prompted the use of size-based measures for indicating developmental progress in other fishes (Fuiman et al., 1998) . If quantitative measures of size are to be used, relationships between size and development of other traits should be constant across temperatures and growth rates.
To test the constancy of size-based developmental relationships with temperatures and growth rates, we reared larvae in all combinations of three temperatures (24 C, 28.5 C, 33 C) and three growth conditions, constituting different larval densities (low, medium, high) with a single food level across conditions, thereby resulting in different food availabilities per capita. As intended, these different rearing conditions resulted in significantly different growth rates. For example, fish reared at 24 C grew more slowly than fish reared at 33 C (SL mm per day, mean AE SE: 0.45 AE 0.009, 0.54 AE 0.011, respectively; F 2,762 ¼ 53.6; P < 0.0001). Likewise fish reared at high density grew more slowly than fish reared at low density (SL mm per day, mean AE SE: 0.48 AE 0.006, 0.55 AE 0.006; F 2,762 ¼ 40.9; P < 0.0001). We then examined relationships between size and developmental states of several traits (swim bladder lobes; fin bud and fin ray appearance; scale development; melanophore pattern score). This allowed us to test if the likelihood of fish exhibiting particular states of each trait depended not only on size, but also temperature, density, or interactions among these variables. Multiple logistic regression analyses showed that, as expected, size (measured as SL or HAA) had the highest correlation with developmental progress for all traits examined (Table 5; all R 2 > 0.5). Additionally, even after controlling for size, we found significant effects of temperature (all traits: 0.001 < P < 0.05) and in some instances effects of density as well as interactions between either size and temperature or size and density. These latter interactions are potentially important because they indicate that relationships between size and developmental progress vary among temperatures and growth rates (as modified by rearing densities). Such interactions are not unexpected and have been reported in other contexts for wild-type fish of other species (Klimogianni et al., 2004; Martell et al., 2005; Georgakopoulou et al., 2007) , zebrafish mutants (Parichy and Turner, 2003) , and amphibian larvae (Parichy and Kaplan, 1995) .
Interactions between size and growth rate or rearing condition were most pronounced for late-arising traits. In pelvic fin transitions for example, as compared to larvae reared at 28.5 C, larvae reared at 24 C underwent transitions at slightly larger sizes, whereas larvae reared at 33 C underwent these transitions over a wider range of sizes (Fig. 29) . Melanophore pattern transitions also differed between temperatures and densities (Fig. 30) . Compared with larvae at 28.5 C, those reared at 24 C underwent transitions at slightly larger sizes. Moreover, compared with larvae at medium density, those at low density (that grew more rapidly) underwent transitions at larger sizes, whereas those at high density (that grew more slowly) underwent transitions at smaller sizes.
Many effects of temperature, density, and interactions with size were highly statistically significant, likely reflecting the large sample sizes that we used (N ¼ 782). To assess the biological significance of these effects, we calculated coefficients of determination to estimate the proportions of variance explained by different factors. This showed that temperature, density, and their interactions with size explained very little additional variance after controlling for the main effect of size (all R 2 < 0.05; Table 5). Relationships between SL and HAA also differed between conditions, but these effects were of similarly low magnitude (Table 5 ). These findings indicate that, for quantifying developmental progress in zebrafish, relationships between SL or HAA and other traits are relatively, although not completely, independent of temperature and growth rate (as modulated by rearing density). This result is evident as well in the close similarity of size estimates for developmental transitions shown in Table 4 . The longitudinal dataset presents values for larvae reared individually, whereas the cross-sectional dataset presents values for larvae reared at the range of temperatures and densities described here and analyzed in Table 5 . Even though individually reared larvae that were repeatedly anesthetized grew slowly (SL mm per day mean AE SE: 0.32 AE 0.004; Fig. 3 ) the sizebased estimates of developmental milestones were remarkably similar between datasets, and typically within 5% of one another.
Together, these data suggest that for most purposes, size should be a relatively robust indicator of developmental progress. Nevertheless, precise effects of growth rate on particular traits and organ systems should be evaluated on a case-by-case basis, and the conclusions presented here assume that larvae are not growing so slowly as to be unhealthy or at greater risk of mortality, as occurs under particularly adverse conditions. In general, poor growth conditions will typically generate increased variation in the sizes of larvae within tanks, as small differences in initial growth are magnified by larger individuals increasingly monopolizing resources and interfering behaviorally with smaller individuals (Brown, 1957; Ricker, 1958; Eaton and Farley, 1974; Ward et al., 2006) . This phenomenon occurs in wild-type stocks and is observed across a wide variety of species and conditions. Differential growth rates and abilities also can complicate the recovery and propagation of mutants having postembryonic phenotypes. Therefore, asymmetric size distributions within tanks of wild-type fish are likely to indicate poor growth conditions that should be further optimized, whereas stocks segregating postembryonic mutant phenotypes should be sorted regularly to isolate such mutants, so as to prevent their loss due to competition from wild-type siblings.
POST HOC SIZE ESTIMATION
A limitation to using size as a proxy for developmental states arises when it is difficult or impossible to measure size before performing an experiment. For example, postembryonic fish are prone to exhibiting size variability even within tanks, yet it can be tedious or impractical to measure fish before histological analyses. We, therefore, asked how larval size and shape are affected by two frequently used histological procedures: paraformaldehyde fixation and whole-mount in situ hybridization. Figure 31 shows relationships between pre-and postprocessing values of SL and HAA, and the linear or near-linear shrinkage observed suggests that post hoc estimates of size should be a useful substitute for prior measurements, so long as appropriate calibrations have been determined. For example, a larva of $6 mm SL postprocessing corresponds to a larva of $9 mm SL preprocessing, for the in situ hybridization protocol used here. Table 3 provides relationships allowing the estimation of initial SL and HAA from measurements that have been taken after histological preparation. 
Pec-fin Stage (3.4 mm SL onset)
Figure 32: For comparison with postembryonic stages, we include here the pec fin stage, which begins $60 hpf at 28.5 C and corresponds to the late embryonic period (Kimmel et al., 1995) . The pectoral fin exhibits a flat blade distally and is held along the side of the body; the mouth is open ventrally (not shown). Melanophores are well melanized and form stripes at the dorsal and ventral myotomes, except ventroposteriorly where the caudal fin condensation will arise. Melanophores remain scattered over the yolk sac. Xanthophores are yellowish throughout the body.
pSB, Swim Bladder Inflation (3.4-3.7 mm SL onset) CR, Caudal Fin Ray Appearance (4.9-5.1 mm SL onset) Figure 36 : Caudal fin rays are apparent and melanophores are scattered amongst them. Xanthophore coloration on the body is faded. Subtle constrictions in the major lobe of the fin fold are apparent dorsally and it is less symmetrical posteriorly over the tail. The mouth is located terminally and larvae are feeding actively.
AC, Anal Fin Condensation (5.2-5.5 mm SL onset) Figure 37 : A mesenchymal condensation is visible posterior to the vent where the anal fin will develop. A slight bulge may be present in the dorsal fin fold where the dorsal fin condensation will arise. The distal end of the larval fin fold is relatively rounded over the developing caudal fin.
DC, Dorsal Fin Condensation (5.5-5.8 mm SL onset)
Figures 38, 39: Condensed mesenchyme is present dorsally where the dorsal fin will form; the dorsal major lobe of the fin fold rises up above this site. The anal fin condensation is more pronounced. The caudal fin is flattened posteriorly; the dorsal region extends further posteriorly than the ventral region. Caudal fin ray number changes rapidly at this time. Melanophores are dispersed through the caudal fin and the first xanthophores are apparent. A patch of iridophores is visible on the flank adjacent to the swim bladder. The head exhibits an indentation dorsally, just above the eye, at the level of the pineal gland.
MMA, Metamorphic
Melanophore Appearance (5.9-6.3 mm SL onset) Figure 40 : The first metamorphic melanophores arise over the dorsolateral or ventrolateral myotomes, as single lightly melanized cells that are well separated from the embryonic/early larval melanophore stripes.
The dorsal fin condensation is more pronounced and developing radials are visible in the ventral fin condensation.
aSB, Anterior Swim Bladder Appearance (5.9-6.2 mm SL onset)
Figures 41, 42: The anterior (second) swim bladder lobe appears. Timing and extent of inflation is rather variable; when very small, the lobe may be partially obscured by overlying pigment Fig. 29 . Rearing temperature has subtle effects on the relationship between standard length (SL) and other traits. Shown are prediction plots from multiple logistic regressions for transitions in swim bladder, dorsal fin, and pelvic fin development. Probabilities indicate the likelihood that an individual of a particular SL will exhibit a particular developmental state, depending on rearing temperature. Trait-specific states are indicated within each plot. Table 3 . PB, Pelvic Fin Bud Appearance (7.2-7.5 mm SL onset)
Figures 47, 48: The pelvic fin buds appear as protuberances from the ventral body wall, below the posterior lobe of the swim bladder. The buds subsequently elongate until their length along the ventral edge is approximately half their height. Xanthophores are apparent in both dorsal and anal fins. Resorption of the primary lobe of the fin fold is increasingly evident, both anterior and posterior to the dorsal fin. Metamorphic melanophores are found dispersed over the flank in increasing numbers. Residual embryonic/early larval melanophores may be found over the lateral face of the myotomes and can contribute to adult primary stripe 1D (Parichy and Turner, 2003; Quigley et al., 2004) , although a distinctive pattern of adult stripes has not yet emerged. The iridophore stripe is faint but continuous from anterior to posterior. Anal and dorsal fin ray numbers are reaching their maximum ($15 rays, $10 rays, respectively). Anterior swim bladder lobe size is greater, whereas swim bladder angle has started to decrease.
PR, Pelvic Fin Ray Appearance (8.5-8.7 mm SL onset)
Figures 49, 50: Pelvic fin rays are first evident though pelvic fins remain relatively inconspicuous. An indentation is apparent in the minor lobe of the fin fold, adjacent to the pelvic fin. The adult primary melanophore stripes are now distinct as fewer metamorphic melanophores are found outside of stripes; nevertheless, some gaps in stripes are still apparent. Iridophores marking the first interstripe region are now more evident. A stripe pattern has started to emerge in the caudal fin as well as the anal fin. The posterior swim bladder lobe bends further ventrally.
SP, Squamation Onset Posterior (9.5-9.6 mm SL onset) Figure 51 : Scales are now apparent on the tail, posterior to the anal fin and caudal fin, as evidences by ridges, in the epidermis, especially ventrally. Pelvic fin ray numbers are now maximal ($6) and a few melanophores may be found associated with them.
The primary melanophore stripes are more regular, although some melanophores remain outside of the stripes, including within the interstripe region.
SA, Squamation Through Anterior (10.1-10.4 mm SL onset) characteristics when in condition. Gravid females have somewhat distended abdomens and a protruding vent. Males are more slender, lack a protruding vent, and often exhibit a yellowish tinge over the ventral flank.
STAGE REPORTING CONSIDERATIONS AND RECOMMENDED CONVENTIONS
The developmental milestones in Table 4 can be used to define the onset of postembryonic stages. Because these milestones are named, rather than numbered, additional milestones can be added easily, if and when they are found, and additional stages can be defined. Nevertheless, there are difficulties in using such milestones alone to define developmental stages. For example, several intervals between milestones include substantial growth and development. While these changes are continuous rather than discrete, they are real modifications that have relevance to the organism, and are likely to have relevance to studies of the organism. Moreover, if additional discrete changes are identified, strict adherence to the milestones in Table 4 could result in stages that are too coarse for describing a particular state of development. Finally, the milestones we have identified include changes in just a few traits, relying especially on the fins, and this will limit their utility for studies of strains or mutants having defects in these traits (Harris et al., 2008) . The use of size, and especially SL, is one alternative to using discrete milestones for staging (Fuiman et al., 1998) . In principle, the use of size has the advantage of allowing developmental progress to be parsed as finely as the resolution at which measurements can be made. Moreover, our analyses indicate very high correlations between size and developmental milestones; these correlations are relatively independent of rearing conditions, although not completely so (e.g., Fig. 30) .
Nevertheless, size-based staging also has disadvantages. Despite high correlations with developmental progress overall, we still found substantial variation among individuals of a given size (e.g., Figs. 9, 12, 25B). Furthermore, strain differences may complicate the use of size alone. We have not observed differences between strain AB wp , which has been inbred for $10 years, and a wild-type stock, WT(WA), generated by intercrossing AB wp and wik
wp . Yet, we cannot exclude the possibility that differences in the relationships between size and developmental progress exist among other strains currently in use, or zebrafish either in natural populations or recently derived from natural populations (Trevarrow and Robison, 2004; Engeszer et al., 2007) . Finally, many postembryonic mutant 
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STAGING OF POSTEMBRYONIC ZEBRAFISH DEVELOPMENT 3009 phenotypes decouple growth and development (Mintzer et al., 2001; Elizondo et al., 2005) , precluding the use of size alone for staging. Given these considerations, and our desire to maximize the versatility of staging criteria for current and future analyses, and to maximize consistency across labs and stocks, we propose the use of either of two conventions for reporting stages of postembryonic zebrafish development.
Composite Staging
In this convention, both developmental milestones and sizes of fish used are reported. We recommend the format ''milestone:SL.'' For example, the individual shown in Figure 47 would be reported as ''PB:7.2 mm SL'' (or ''PB:7.2'' after its first use in a manuscript). Such composite stages have the advantage of providing both discrete criteria and any size-specific information unique to the particular strain or mutant being studied. If it is not possible or feasible to determine SL directly from the living fish, it may be estimable from another measure such as HAA, or based on sizes post-processing, using relationships such as those provided in Table 3 . In these instances, we recommend that stages be reported in the format ''milestone:eSL'' (e.g., ''PB:e7.2). If it is not possible to estimate size than the format ''milestone:-'' (e.g., ''PB:-'') can serve to indicate this.
Standardized Standard Length (SSL) Staging
In this convention, we propose a streamlined format for reporting stages that relies on both discrete milestones and quantitative aspects of growth and development, while accommodating strain-specific variation. Specifically, we recommend the use of ''standardized SL'' (SSL) when developmental progress can be approximated by the reference fish illustrated in Figures 32-57 . Thus, a larva that has already developed the pelvic fin buds and resembles the individual shown in Figure 47 , could be described as ''7. 
CONCLUSIONS
We have provided criteria for staging zebrafish in studies of postembryonic development. While no staging system is perfect, we propose two conventions for describing developmental progress that account for both discrete milestones and quantitative changes: composite staging and SSL staging. Our analyses suggest that both are preferable to using days postfertilization for indicating developmental progress. We anticipate that in many instances, SSL staging will provide the most expedient means of reporting stages, although analyses that explicitly focus on growth or inter-strain differences may be better accommodated by composite staging. The conventions and data provided here should assist with further studies into the important processes of postembryonic development.
EXPERIMENTAL PROCEDURES Fish Strains and Rearing Conditions
Fish were the inbred strain AB wp or the outbred stock WT(WA) which is generated by intercrossing AB wp and wik. Fish were reared at an average temperature of 28.5 C except for studies of temperature effects in which fish were reared at 24 C or 33 C as well. Fish were reared either individually or in groups at various densities. For analyzing the effects of density and food availability on growth and development, fish were reared at low density (3-5 individuals per 2.8-L tank), medium density ($30 individuals), or high density ($150 individuals). For following individuals through postembryonic development, fish were isolated in water-filled plastic cups changed daily. A light:dark cycle of 14:10 was used throughout these analyses. Fish were fed a standard diet, comprising marine rotifers shortly after hatching, transitioning to a blend of flake foods of increasing size as fish grew. Detailed protocols for fish rearing are available on-line at: http://protist.biology. washington.edu/dparichy/
Imaging and Microscopy
Fish images were acquired after brief anesthetization with MS222 using an Olympus SZX12 epifluorescence stereomicroscope or a Zeiss Discovery epifluorescence stereomicroscope, interfaced to Axiocam HR and MR3 cameras and Axiovision software. Most fish were imaged either immersed in 1% methylcellulose or after placement on an agarose-lined dish. Juvenile and adult fish were euthanized with MS222, then immediately placed on a plastic dish, gradually covered with warm agarose and, after agarose had hardened, dishes were inverted and fish imaged through the flat bottom. For thick specimens, z-stacks were acquired in brightfield or epifluorescence modes and projections generated with the Axiovision Extended Focus module. Images were further processed for color balance or to remove background defects in Adobe Photoshop CS4.
Statistical Analyses
All statistical analyses were performed with JMP 8.0 for Macintosh (SAS Institute, Cary NC). In general, continuous traits were examined using standard linear models or splines, whereas ordinal or nominal variables were examined with logistic regression. Detailed statistical methods are available on request.
Histological Procedures
Calcein and FM1-43 staining followed published methods (Elizondo et al., 2005; Ma et al., 2008) . For determining the effects of histological processing on size, fish were measured then placed for 2 nights in 4% paraformaldeyde in phosphate buffered saline, then rinsed and remeasured. Additional fish were processed individually for in situ hybridization using standard methods for whole-mount zebrafish larvae (available at: http://protist.biology.
washington.edu/dparichy/), and then remeasured after incubation in staining solution. 
